The intracellular ribosome crystals from chick embryos incubated at 5VC have been isolated; stable products of their dissociation were shown to include single ribosomes, tetramers of ribosomes, and tetramers of large subunits. Conditions were found for the formation in. vitro not only of the p4 crystals from ribosomal tetramers but also of the tetramers themselves from free ribosomes. The polypeptide synthesizing activity of these ribosomes was found to be unimpaired by their constraint in the tetrameric configuration. Free ribosomes were prepared from uncooled embryos by incubating the postmitochondrial supernatant with the following added components for 5 min at 370C, pH 7.5: ATP, 1 mM; GTP, 0.4 mM; phosphoenol pyruvate, 10 mM; Tris, 50 mM; puromycin, 4 mM. The yield of single ribosomes on gradients after puromycin treatment (8-10 mg/g wet weight of tissue) was about 10 times that on gradients of untreated extracts. A single pelleting through 2 M sucrose in normal buffer removed puromycin sufficiently that the ribosomes were fully active in poly(U)-directed polyphenylalanine synthesis.
The ribosomes of chick tissues form intracellular crystals when the embryos are incubated at low temperature (1) . Although one might hope that such crystals would prove useful for structural analysis of ribosomes, the intracellular crystals are only about one micrometer in diameter and hence far too small for single-crystal x-ray diffraction. It has been the aim of the present studies to explore the characteristics of these crystals in vitro so that larger crystals might be grown and used for the analysis of ribosomal structure.
The intracellular crystals are principally in the form of a p4 plane lattice, which may under certain conditions aggregate into regular stacks defined by a three-dimensional lattice of the form p422 (2) . Extraction of whole cells with a buffer suitable for the separation of polysomes reveals stable planar tetramers of ribosomes (3), many of which are derived from intracellular crystals. In the present studies, the p4 crystals were first extracted from the cells, the nature of bonding in these crystals was then explored by dissociation and formation of their bonds in vitro. In addition, the synthetic capabilities of the tetramers have been analyzed with a view toward correlating structural and functional features of these ribosomes.
MATERIALS AND METHODS
All ribosomes were derived from embryonated chicken eggs incubated for 7 days at 37°C. Tetramers and crystals were produced inside the cells by gradually reducing the temperature of the eggs over a span of 4 hr to 5°C and holding the eggs at that temperature for an additional 12-16 hr. Embryos were then removed to buffer (10 mM MgCl2-100 mM KCl-10 mM Tris HC1 (pH 7.4)-5 mM 2-mercaptoethanol) at 4°C and were disrupted with eight rapid strokes of a loose-fitting Dounce homogenizer. The post-mitochondrial supernatant was layered onto 10-25% (w/w) linear sucrose gradients in buffer and centrifuged for 3 hr at 25,000 rpm in the Spinco SW-27 rotor. The gradients were fractionated through a Gilford spectrophotometer and the peaks of single ribosomes and tetramers were pooled and pelleted separately through 2 M sucrose. The pellets were resuspended in a small volume of buffer and their concentrations determined by their absorbance at 260 nm. Free ribosomes were prepared from uncooled embryos by incubating the postmitochondrial supernatant with the following added components for 5 min at 370C, pH 7.5: ATP, 1 mM; GTP, 0.4 mM; phosphoenol pyruvate, 10 mM; Tris, 50 mM; puromycin, 4 mM. The yield of single ribosomes on gradients after puromycin treatment (8-10 mg/g wet weight of tissue) was about 10 times that on gradients of untreated extracts. A single pelleting through 2 M sucrose in normal buffer removed puromycin sufficiently that the ribosomes were fully active in poly(U)-directed polyphenylalanine synthesis.
Samples for electron microscopy were picked up on carboncoated parlodion-covered grids, fixed for 10 min in 3% glutaraldehyde containing 5 mM MgCl2 and 5 mM phosphate buffer at pH 7.5, and negatively stained with 2% uranyl acetate. In order to test the ability of free ribosomes and tetramers to form new bonds of the crystal when transferred to fresh buffers, a microdialysis method for electron microscopy was developed: for each dialysis, an electron microscope grid was coated on one side with a parlodion film and the grid was floated with the other side on a drop of the new buffer. A small volume (0.5-1.0,ul) of ribosomal suspension was pipetted onto the center of the parlodion film and the grid was incubated for about 6 hr at 5C in a humid chamber. The sample was then rinsed with the same buffer, fixed, and stained before carboncoating. All grids were examined in an AEI 6B electron microscope at 60 kV.
The formation of tetramers in vitro was assayed quantitatively by centrifugation at 4°C on 10-25% sucrose gradients in the SW 41 rotor of the Spinco L2-65B and analyzed with an ISCO density gradient analyzer. Before being layered onto gradients, samples of 0.2 mg were diluted to 0.3 ml in buffer and heated for 3 min to 37°C in order to dissociate nontetrameric aggregates; the cyclically bonded tetramers remained stable under these conditions. Phenylalanine incorporation in the absence and presence of poly(U) was determined as described in the legend to Table 1 .
RESULTS

Isolation and dissociation
Tetramers from cooled chick-embryo tissues were originally found in sucrose gradients that contained a buffer designed for 71.4 , and the heavier material was removed by 5 min centrifugation at 500 X g. The supernatant contained p4 crystals which could be pelleted and prepared for thin-section electron microscopy ( Fig. 1) .
It was then possible to investigate the sensitivity of the (nimer bonds (joining tetramers together in the p4 crystal) to the addition of KCl. Pelleted crystals were resuspended in the samte buffer and layered onto sucrose gradients containing the same amount of MgCl2 (10 mM) and Tris-HC1 (10 mM) but, with 0.05 M increments in KC1 concentration ( Fig. 2) . At less than 0.1 M KC1, few tetramers appeared on the gradients; from 0.15 to 0.25 M KCl, there were significant numbers of tetramers present (Fig. 3a) . At 0.30 M KC1 and above, however, the "tetramer" peak shifts nearer the top of the gradient than can be accounted for by the increased density and viscosity of the added salt. This indicated, as suggested by similar studies of Carey (6) , that the particles have been modified in some manner. In order to verify that the lighter material is actually derived from tetramers, samples of purified tetramers were layered onto gradients containing 0.8 M KCl; the resulting profiles showed not only a high yield of these lighter larticles but also a great increase in the peak of small (40 S) ribosomal subunits. It was confirmed that the peak of lighter particles represents an aggregate of the large (60 S) subunits by further gradient analysis for the display of subunits (in 1 M KC1, no MgC12, 10 mM Trist HCl). Whereas free ribosomes and normal tetramers from cooled tissues yielded small and large subunits in approximately equal numbers, only the large subunits were found in the "light tetramers". Similarly, agarose-acrylamide gels of phenol-extracted RNA from tetramers and "light tetramers" revealed both 18S and 28S RNA ( Fig. 3b) shows that they retain the profile of normal tetramers but appear not to extend as far upward into the layer of negative stain. These results suggest that the normal tetramer consists of a l)lanar aggregate of large subunits to which are attached the small subunits along axes nearly parallel to the direction of view, so that the projected views of the two subparticles are largely overlapping.
Tetramers cannot, therefore, be dissociated to single ribosomes by the simple addition of KCl because the salt separates small subunits from "light tetramers". It was found 1)0s-sible, however, to produce free ribosomes by shocking tetramers with 0.8 M KC1 in 10 mM MgCl2-10 mM Tris-HCl at 370C for 5 4 . Re-formation of dimer bonds of the p4 crystal in vitro. Tetramers were isolated from cooled embryos and dialyzed at 5 mg/ml against 10 mM MgCl2-80 mM KCl-3 mM phosphate buffer (pH 7.5) for 6 hr at 50C before fixation and negative staining for electron microscopy as described in the text. Note that the p4 lattices in (a) all show the same (dextro) form; they were printed to represent the view from the substrate side of the specimen. The insert (b) shows for comparison the other (levo) form, which would be seen from above the substrate. (Bar = 100 nm.) normal buffer. These salt-and heat-shocked ribosomes were used in initial attempts to reform tetramers in vitro.
Bond formation in vitro
In order to test the ability of free ribosomes to form tetramers and of tetramers to form crystals in vitro after transfer to new buffers, the microdialysis method was employed. Suspensions of tetramers at 5 mg/ml were dialyzed 4-6 hr at 50C and then prepared for electron microscopy. Dialysis buffers contained 3 mM phosphate buffer, pH 7.5, and concentrations of KCl and MgCl2 determined to be near the boundary conditions for bond stability in the dissociation experiments. Best results (Fig. 4) were obtained with concentrations of MgC12 near 10 mM; in these cases, small p4 crystals-usually containing four tetramers in square array-appeared when the buffer also contained 0.08-0.20 M KC1. At lower concentrations of KC1, there were either irregular aggregates or sets of tetramers in correctly-bonded linear arrays; at higher concentrations, there was little crystallization. A striking feature of the crystals grown in vitro is that all of those observed showed the same polarity with respect to the parlodion substrate. That is, if viewed from the substrate side, all were of the dextro form defined earlier (2) . This implies that the surface that is normally concave and bounded by a denser matrix in thin-sectioned crystals lies against the artificial substrate in the dialysis experiment. The significance of this behavior remains obscure. No factors stimulatory to the growth of these very small p4 crystals were discovered nor was a consistent dependency on ribosomal concentration determined for the process.
The same method was applied to the analysis of tetramer reformation from free ribosomes derived from salt-and heatshocked tetramers. Tetramers were, in fact, frequently found on dialysis grids, but the kinetics appeared to be erratic, and it was soon discovered that tetramers were appearing in undialyzed suspensions of free ribosomes at high concentration in normal (as opposed to dialysis) buffer.
It was then possible to omit the dialysis procedure and simply follow this process by the use of analytical sucrose gradients. Suspensions were diluted in normal buffer to less than 0.8 mg/ml and heated for 5 min to 370C before layering, in order to dissociate aggregates which were not "true" tetramers, as determined by electron microscopy. Pilot experiments revealed that the tetramer-derived ribosomes were competent in tetramer formation. Moreover, single ribosomes isolated by preparative gradients from either cooled or normal tissues were also found to be competent. In order to obtain sufficient quantities of free ribosomes, extracts of normal tissue were treated with puromycin as described in Methods, the ribosomes thus freed from polysomes in good yield were also found to be competent in tetramerization. These 
